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1 | INTRODUCTION

Emerging infectious viruses increasingly threaten human, domes-
tic animal and wildlife health (Johnson et al., 2019). Sixty per-
cent of emerging infectious diseases in humans are of zoonotic
origin (Jones et al.,, 2008). Wildlife trade and consumption of
bushmeat, especially in Africa and Asia, play a role in zoonotic
emergence (Pruvot et al., 2019; Swift et al., 2007). Wildlife mar-
kets may have facilitated the spillover of pandemic SARS-CoV-2
to humans (Peeri et al., 2020; Zhou et al., 2020). The 2002-2003
SARS-CoV outbreak (Drosten et al., 2003), the Ebola outbreak in
West Africa (Leroy et al., 2009) and the global emergence of HIV
(Sharp & Hahn, 2011) were all linked to wildlife trade and bush-
meat consumption. Early detection of novel infectious agents in
wildlife is key to emergence prevention. However, identification,
surveillance and monitoring of emerging viruses by directly sam-
pling wildlife often require enormous sampling investment, par-
ticularly for viruses that have low prevalence (Hoye et al., 2010).
For example, 25,000 wild birds were sampled in Germany to de-
tect avian influenza prevalence below 1% (Wilking et al., 2009).
Sampling over 8,157 animals in Poland was required to detect
African swine fever virus with a 0.12% prevalence (Smietanka
et al., 2016). Developing viral surveillance and discovery methods
remains challenging and is often hindered by lack of access to free
ranging wildlife.

Non-invasive nucleic acid sources, such as environmental DNA
(eDNA) and invertebrate-derived DNA (iDNA), can mitigate diffi-
culties in obtaining wildlife samples under remote field conditions
to complement invasive sampling or replace it when invasive sam-
pling is not possible. eDNA and iDNA have been mainly used to sur-
vey biodiversity, for instance water eDNA has been used to survey
mammalian biodiversity in African waterholes (Seeber et al., 2019)
and terrestrial haematophagous leeches have been used to survey
Southeast Asian mammals (Abrams et al., 2019; Schnell et al., 2018;
Tilker et al., 2020). Water is ubiquitous in most ecosystems, and,
among invertebrates, leeches are abundant and easy to collect
in many tropical rainforests, many of which are major hotspots
of emerging infectious diseases (Daszak et al., 2000). Recently,
eDNA/IiDNA have been applied to monitoring specific wildlife
pathogens (Gogarten et al., 2019; Mosher et al., 2017). However,
previous studies focused on known pathogens, whereas most wild-
life pathogens are uncharacterized, particularly in tropical emerg-
ing virus hotspots (Jones et al., 2008). To identify and characterize
novel mammalian viruses from eDNA (waterhole water and sed-
iment from Tanzania and Mongolia) and iDNA (haematophagous
terrestrial leeches from Malaysia), we designed a hybridization cap-
ture system using a curated set of RNA oligonucleotides based on
the ViroChip microarray assay (Chen et al., 2011) as baits to com-
prehensively target mammalian viral genomes (Figure 1). Multiple
known and novel viruses were identified from both eDNA and
iDNA samples including a novel divergent coronavirus demonstrat-
ing that eDNA/iDNA samples can be used to survey known and

unknown viral diversity.

2 | MATERIALS AND METHODS
2.1 | Sample collection
2.1.1 | Leeches

Two types of terrestrial leeches, tiger leeches Haemadipsa picta and
brown leeches Haemadipsa zeylanica, were collected from February
to May 2015 in the Deramakot Forest Reserve in Sabah, Malaysian
Borneo as described in Axtner et al. (2019). All leeches of the same
species (tiger or brown) and from the same sampling site and time
were pooled and processed as one sample. The number of leeches
ranged from 1 to 77 per pool (median = 7). Samples were stored
in RNAlater™ and exported under the permit JKM/MBS.1000-2/3
JLD.2 (8). A total of 68 pools (L1-L68) were selected for viral capture
to maximize representation of host wildlife species identified from
bloodmeals (Axtner et al., 2019).

2.1.2 | Sediment and water

In February, June, July and October 2016, samples were collected
from the Serengeti National Park (c. 2.2°S, 34.8°E) Tanzania from wa-
terholes. In October 2015, samples were collected from Southeast
Gobi (45.5905°N, 107.1596°E) and in between June and July 2016
samples were collected from Gobi B (45.1882°N, 93.4288°E) in
Mongolia. At each waterhole, 50 ml of water was passed through a
0.22-um Sterivex filter unit (Millipore) using a disposable 50-ml syringe
to remove debris from water. In addition, 25 g of the top 1-3 cm of
sediment was collected at each waterhole. The samples were stored
on ice in the field, and then frozen at -20°C. In total, water filtrate and
sediment samples were sampled at 12 waterholes, six, respectively,
from Mongolia and Tanzania. For each sample, 32 ml of water filtrate
was ultra-centrifuged at 28,000 rpm for 2 hr to pellet DNA and viral
particles. The supernatant was then removed, the pellet re-suspended
in 1 ml of cold PBS (pH 7.2; Sigma-Aldrich) and left at 4°C overnight.

2.2 | Preparation of samples and nucleic
acid extraction

2.2.1 | Leeches

Leeches were cut into small pieces with a scalpel blade and lysed over-
night (212 hr) at 55°C in proteinase K and ATL buffer at a 1:10 ratio;
0.2 ml per leech. Nucleic acids were extracted from leech samples using
the DNeasy 96 Blood & Tissue kit (Qiagen; see Axtner et al., 2019).

2.2.2 | Water and sediment

500 ul of the centrifuged filtrate was used to extract viral nucleic
acids using the RTP® DNA/RNA Virus Mini Kit (Stratec biomedical)
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FIGURE 1 Viral screening of vertebrate viruses from leech positive control and leech iDNA and waterholes eDNA samples using
hybridization capture. Left panel: medical leeches which were fed human blood spiked with four viruses were used as positive controls.
All four viruses were detected after capture, with different percentages of on-target viral reads. The contigs recovered for each virus
(grey/black bars) were mapped to the reference genome together with the corresponding baits (blue bars). Right panel: examples of iDNA
and eDNA samples: a leech feeding on a frog in a rainforest of Vietnam (courtesy Andrew Tilker; Leibniz-IZW) and an African waterhole
in Tanzania (courtesy Peter Seeber; Leibniz-1ZW). Viral identity of contigs found in eDNA and iDNA samples is paired with host identity
determined either by mammalian metabarcoding of the leech samples, or by observation of waterhole usage

with the following modifications: 400 pl of lysis buffer, 400 ul of
binding buffer and 20 pl of proteinase K and carrier RNA were used
per sample. Samples were eluted in 60 ul. The NucleoSpin Soil kit
(Macherey-Nagel) was used to extract DNA/RNA from sediment.
500 mg of soil was extracted according to the manufacture's proto-

col using a 100 pl elution volume.

2.3 | Positive control

Positive control medical leeches (Hirudo spp.) were fed human
blood spiked with four viruses at different concentrations
(Kampmann et al., 2017). Two RNA viruses, influenza A (InfA) and
measles morbillivirus (MeV), and two DNA viruses, bovine herpes-
virus (BHV) and human adenovirus (HAdV), were used. The nu-
cleic acids were extracted from the leeches 7 days after feeding
and the viral concentrations measured by qPCR (see Kampmann
et al., 2017).

2.4 | Library preparation

RNA was reverse transcribed using SuperScript 1l and IV (Thermo
Fisher Scientific) with random hexamers prior to second-strand
synthesis with Klenow fragment (New England Biolabs). The re-
sulting double-stranded cDNA/DNA mix was sheared to an aver-
age fragment size of 200 bp using an M220 focused ultrasonicator
(Covaris). Sheared product was purified using the ZR-96 DNA Clean
& Concentrator-5 kit (Zymo). Dual-indexed lllumina sequencing li-
braries were constructed as described by Meyer and Kircher (2010)
with the modifications described in Alfano et al. (2016). Each li-
brary was amplified in three replicate reactions to minimize ampli-
fication bias of individual PCRs. The three replicate PCR products
for each sample were pooled and purified using the MinElute PCR
Purification Kit (Qiagen). Negative control libraries were prepared
from different stages of the experimental process (extraction, re-
verse transcription, library preparation and index PCR) and indexed

separately to monitor for contamination. Amplified libraries were
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quantified using the 2200 TapeStation (Agilent Technologies) on
D1000 ScreenTapes.

2.5 | RNA oligonucleotide bait design

The targeted sequence capture panel was designed based on the oli-
gonucleotide probes represented on the Virochip microarray (Wang
et al., 2002). The Virochip is a pan-viral DNA microarray comprising
the most highly conserved 70-mer sequences from fully sequenced
reference viral genomes in GenBank, which was developed for the
rapid identification and characterization of novel viruses. We re-
trieved the viral oligonucleotides

from the fifth-generation Virochip (Viro5; Yozwiak et al., 2012),
which are available at NCBI's Gene Expression Omnibus (GEO)
repository,  (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?ac-
c=GPL13323). This included ~17,500 oligonucleotides (70-mer nu-
cleotides) from ~2,000 viral species. We excluded sequences from
bacteriophage, plant viruses, viral families infecting only inverte-
brates and endogenous retroviruses. We included viruses that could
have both vertebrate and invertebrate hosts, such as vertebrate vi-
ruses with insect vectors. Exogenous retroviruses were represented
but murine leukemia viruses were removed since they can cross
enrich endogenous retroviruses which can represent large portions
of vertebrate genomes and mask rarer viral sequences. Control oli-
gonucleotides such as those from human genes, yeast intergenic
sequences and human papilloma virus sequences present in HelLa
cells were also removed. In all, 92 70-mer oligonucleotides covering
(spaced end-to-end) the entire pol and gB genes of Equine herpes-
virus 1 (EHV-1) were included as PCR screening of water samples
indicated they were positive for this virus (Dayaram et al., 2021).
The resulting 13,532 oligonucleotides were examined for repet-
itive elements, short repeats and low complexity regions using
RepeatMasker. Repetitive motifs were identified in 234 oligonucle-
otides, which were removed. The final panel consisted of 13,298
unique sequences which were synthesized (as a panel of biotinylated
RNAs) by MYcroarray.

2.6 | Viral enrichment strategy and sequencing

In-solution target enrichment via hybridization-based capture was
performed according to the manufacturer's protocol (MYbaits®
custom targeted enrichment, MYcroarray), with the follow-
ing modifications: 50 ul Dynabeads® M-270 Streptavidin beads
(Invitrogen) instead of 30 ul Dynabeads® MyOne™ Streptavidin
C1 (Invitrogen); hybridization, bead-bait binding and wash steps at
60°C; 48 hr hybridization time; 200 ng baits per reaction; and 10 pl
indexed library inputs. Libraries generated from pooled leeches
consisting of more than 16 individuals were captured individu-
ally, whereas libraries generated from pools of fewer individuals
were combined to have a comparable number (15-20) of leeches

per capture. This was done to ensure that each individual leech

represented in each library was allocated enough bait. Water
and sediment samples were pooled in groups of two, with sedi-
ment and water pooled separately. Per pooled sample, 500 ng
of baits were used to ensure enough bait for each sample. The
enriched libraries were re-amplified as described in Alfano et al.
(2016). The re-amplified enriched libraries were purified using the
MinElute PCR Purification Kit (Qiagen), quantified using the 2200
TapeStation (Agilent Technologies) on D1000 ScreenTapes and
pooled in equimolar amounts for single-read sequencing on two
lanes of an Illumina NextSeq 500 with the TG NextSeq® 500/550
High Output Kit v2 (300 cycles).

2.7 | Data analysis and bioinformatics pipelines

A total of 219,580,903 single-end reads 300 bp long were gener-
ated (average: 3,181,781 single reads per sample; standard devia-
tion [SD]: 1,481,098; Table S1) and sorted by dual index sequences.
Cutadapt v1.16 and Trimmomatic v0.36 were used to remove
adapter sequences and low-quality reads using a quality cutoff
of 20 and a minimal read length of 30 nt. After trimming, 97% of
the sequences were retained. Leech reads were removed from the
dataset by alignment to the Helobdella robusta genome v1.0 (assem-
bly GCA_000326865.1), the only complete genome of Hirudinea
available in GenBank at the time of the analyses, and all GenBank
leech sequences (4,957 sequences resulting from ‘Hirudinea’
search) using Bowtie2 v2.3.5.1 (Langmead & Salzberg, 2012). This
left 81% of the original reads (Table S1). Then, rRNA reads were
removed using SortMeRNA (Kopylova et al., 2012), leaving 75%
of the original reads (Table S1). The filtered reads were de novo
assembled using both Spades v3.11.1 (Bankevich et al., 2012) and
Trinity v2.6.6 (Grabherr et al., 2011) assemblers. The obtained
contigs were pooled and clustered to remove duplicated or highly
similar sequences using USEARCH v11.0.667 (Edgar, 2010) with a
90% threshold identity value. The centroids were then subjected
to sequential BLAST searches against the NCBI RefSeq viral nu-
cleotide (blastn, 1e-5 E-value threshold) and protein (blastx, 1e-3)
databases to identify candidate viral sequences. These candidates
were aligned to the complete NCBI nucleotide (blastn, 1e-10) and
protein (blastx, 1e-3) databases to identify sequences with higher
similarity to non-viral than to viral sequences. In parallel, the adap-
tor and quality trimmed data were uploaded to Genome Detective
(Vilsker et al., 2019), a web base software that assembles viral
genomes.

Bacteriophage, invertebrate viruses and retroviruses were ex-
cluded from subsequent steps. If our pipeline and Genome Detective
generated viral contigs with overlapping sequences, the longest
contig was selected for analysis. Filtered reads were mapped to the
viral contigs to calculate viral read numbers for each virus. Finally,
the viral contigs were mapped to the reference genome of the
virus corresponding to the best BLAST hit using Geneious v11.0.2
(Biomatters, Inc.). Baits were also mapped to the same references

for each virus.
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2.8 | Phylogenetic analyses

Viral contigs were assigned to viral families according to the BLAST
results. Representative sequences from these viral families were re-
trieved from GenBank and aligned with the contigs using MAFFT
v7.450 (Katoh & Standley, 2013). Phylogenetic analysis was per-
formed using the maximume-likelihood method based on the general
time reversible substitution model with among-site rate heterogene-
ity modelled by the I" distribution and estimation of proportion of
invariable sites available in RAXML v8 (Stamatakis, 2014), including
500 bootstrap replicates to determine node support. Phylogenetic
analyses were performed only on viral contigs (a) showing diver-
gence from known viruses, that is, with both BLAST identity and
coverage to the best reference below 95%, to place them into a
phylogenetic context and (b) mapping to phylogenetically relevant
genomic regions. Therefore, Circoviridae and Anelloviridae contigs
were excluded from phylogenetic analyses as were those identified

from water.

2.9 | Leech vertebrate host assignments

Host identification of leeches followed an eDNA/iDNA workflow
(Axtner et al., 2019). In summary, leech samples were digested and
short fragments of the mitochondrial markers 12S, 16S and cy-
tochrome B were amplified in four PCR replicates each resulting in
12 PCRreplicates per sample. We used a twin-tagging two-step PCR
protocol and PCR products were sequenced using an lllumina MiSeq
(Axtner et al., 2019). After demultiplexing and read processing, each
haplotype was taxonomically assigned to a curated reference data-
base using PROTAX (Somervuo et al., 2016).

2.10 | Viral detection confirmation by PCR

The PCR primers listed in Table S2 were designed to confirm the
viral contig sequences generated from the leech samples. For PCRs
targeting RNA viruses, 50 ul of extract was digested with rDNase
I (Ambion) following the manufacturer's protocol. The DNAse-
digested extracts were then purified using the RNeasy MinElute
Cleanup Kit (Qiagen). RNA was reverse transcribed into cDNA using
iScript™ Reverse Transcription Supermix (Bio-Rad). Sediment and
water samples that tested positive for EHV and JSRV were screened
using previously described pan-herpes and JSRV PCRs (Dayaram
et al., 2017; Palmarini et al., 2000). Resulting amplicons were Sanger

sequenced.

2.11 | Identification of endogenous viral elements
(EVEs)

To check whether the identified viral contigs represent EVEs of

leeches or vertebrate hosts, they were aligned to selected leech and

vertebrate genomes (Table S3) using BLAST (blastn, 1e-10 E-value
and 50% query coverage thresholds). Since genome sequences are
not available for the leech species and for most host species identi-
fied from the bloodmeals, we used the most closely related genomes

available in GenBank.

2.12 | Shotgun sequencing

A subset of 64 leech samples were shotgun sequenced to determine
viral enrichment obtained by our capture system. An aliquot of pre-
capture amplified genomic library of each leech sample was taken,
pooled in equimolar amounts and sequenced on an Illumina MiSeq
with Reagent Kit v3 (150 cycles). The shotgun reads were mapped
to the viral contigs obtained by viral capture using Bowtie2 v2.3.5.1
(Langmead & Salzberg, 2012).

3 | RESULTS
3.1 | Positive and negative controls

In the viral capture control experiment using medicinal leeches
fed with virus-spiked blood, all four viruses were detected, with a
percentage of on-target viral reads varying among viruses (HAdV>
MeV> BHV> InfA; Figure 1) according to the viral concentrations
measured as Ct values by gPCR (25 for HAdV, 28 for MeV, 29 for
BHV and 33 for InfA). An adeno-associated virus (AAV), which
may have been present in the Hela cell line where the HAdV for
the spike-in was cultivated, was also recovered. Most viral contigs
coincided with the baits (Figure 1). However, several BHV genomic
regions covered by baits were not retrieved, and we also recovered
HAdV contigs corresponding to genomic regions not targeted by
baits. These regions might have been recovered by baits targeting
less closely related adenoviruses or designed for other viruses.

No viral contigs were identified in the negative controls included
to monitor laboratory contaminations for either the leech or water
experiments. Further potential contamination from laboratory re-

agents was excluded (see Supporting Information).

3.2 | Leech viral identification

Viruses were identified in 39 of the 68 leech pools analysed (57%;
Figure 2; Table S4). In 18 of these (46%), two to three viruses were
identified. Sequence data from five vertebrate-infecting viral fami-
lies were detected. The most common viral group was Rhabdoviridae
found in 37% of samples, followed by Coronaviridae which was iden-
tified in 24% of samples. Members of the Anelloviridae were identi-
fied in 12% of samples, and Parvoviridae and Circoviridae in 3%.
Rhabdoviridae contigs were genetically similar to three viral
genera (Table S4). Five contigs were most similar (69%-77% nt id)

to the Vesicular stomatitis Indiana virus (VSIV; genus Vesiculovirus)
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as determined by BLAST searches. The limited similarity of these
sequences to known rhabdoviruses suggests they may represent a
new genus related to fish rhabdoviruses (Perhabdovirus and Sprivirus)
or Vesiculovirus (Figure 3A; Figure S1). The other contigs clustered
phylogenetically, suggesting they represent two new species of a
rhabdovirus related to lyssaviruses (Figure 3A; Figure S1). Although
in most cases one contig per sample was observed, in five samples
(L4, L12, L23, L58 and L68) two different viruses were found. Most
of the oligonucleotide baits were specific for the L gene which en-
codes the RNA-dependent RNA polymerase. All recovered contigs
mapped to the L gene (Figure S2A-C). The viral contig sequences
were confirmed by PCR and Sanger sequencing for L55 and L58
(Figure S2D).

All Coronaviridae contigs were most similar to a bat betacorona-
virus (70%-73% nt id; Table S4). The resulting sequence did not clus-
ter in any of the four clades representing the known Coronaviridae
genera, suggesting it may represent a novel coronavirus genus
(Figure 3B; Figure S3). Each contig overlapped with the coronavirus
RNA-dependent RNA polymerase gene (orflab), the main viral re-
gion targeted by the baits (Figure S4).

Anelloviridae contigs matched porcine torque teno virus (PTTV;
95%-96% nt id), a giant panda anellovirus (GpAV; 81%-92% nt id)
or a masked palm civet torque teno virus (PI-TTV; 83%-92% nt id;
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fied. Every Anelloviridae contig mapped to the non-coding region of
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FIGURE 3 Evolutionary relationships of the viral sequence identified in leech and water samples with representatives of the main genera
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More details are available in the corresponding supplementary figures
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contigs with 74%-77% nt id; Table S4). The contig of L8 clustered
within the Tetraparvovirus genus, close to ungulate parvoviruses
(porcine, ovine and bovine PV), while the contigs of L14 within the
Copiparvovirus genus, close to PPV4 (Figure 3C; Figure S7). Two of
the three contigs mapped to the replicase gene while one from L14
mapped to an intergenic region (Figure S6C). Whereas the replicase
region of PPV was covered by Parvoviridae baits, the intergenic re-
gion was not (Figure S6C). This portion of the virus may have been

recovered by other non-Parvoviridae baits.

3.3 | Viral enrichment

On-target read proportion was low in both leech and waterholes
samples, ranging from 0.00005% (sample L18) to 0.14% (sample L58;
average 0.01%), with a total of 12,654 viral reads out of 149,728,065
total reads (on-target proportion of 8,5E-5) found in 44 (39 leech
and 5 waterhole samples) out of 89 total samples tested (68 leech
and 21 waterhole samples; Table S5). We compared the results of
capture of the leech samples to shotgun sequencing of a subset of
64 samples. In this subset, capture yielded 11,581 viral reads out of
a total of 137,171,077 reads with an on-target proportion of 8,4E-5,
whereas four viral reads were found by shotgun sequencing out of
4,747,786 total reads corresponding to an on-target proportion of
8,4E-7. Viral enrichment by capture resulted in a 100-fold increase in
on-target viral read proportion. In addition, the viral reads obtained
by capture from leeches and waterholes were not randomly distrib-
uted across the viral genomes but aligned to regions targeted by
baits (Figures S2, S4-S6, S8, S9), reaching up to 479X (sample L58)
mean depth of coverage in these regions (range 1.2X-479X). This
and the 100-fold increase in on-target viral reads strongly indicate
that enrichment of the presence of viral genetic material in the sam-

ples occurred.

3.4 | Leech bloodmeal host assignments

Metabarcoding analysis detected bearded pigs (Sus barbatus) in all
samples yielding porcine viruses, such as porcine circovirus (L7), por-
cine parvovirus (L8) and porcine torque teno virus (L8 and L37). Four
leech samples with giant panda anellovirus (L7, L17, L36 and L39) se-
quences yielded sun bear Helarctos malayanus sequences. Sequences
aligning to the Malay civet Viverra tangalunga were identified in one
of the three samples (L25) with masked palm civet torque teno virus
sequences. In all, 14 of the 16 samples with the potentially new coro-
navirus genus (87.5%) yielded deer sequences, specifically sambar
Rusa unicolor, suggesting the novel coronavirus might be a cervid
virus. Similarly, the novel Lyssavirus-like Rhabdoviridae sequences
were associated with cervid species (sambar or Muntiacus sp.; 16 of
22 samples, 73%). However, due to the high prevalence of deer in
the samples tested (70%), we could not reject that the occurrence of
viruses and deer are independent variables ()(chronaviridae =1.916,1
df, p = 0.1663; ¥*11abdoviridae = 1:046, 1 df, p = 0.3064).

3.5 | Identification of EVEs

Retroviridae contigs similar to the simian and feline foamy virus
(Spumaretrovirinae subfamily, 79%-82% nt id) were detected in
three samples (L7, L46 and L64) where Tragulus napu was identified
as potential leech host species (Table S4). These sequences showed
high identity to the Tragulus javanicus genome by BLAST search (E-
value >1e-45; query coverage >98%). Therefore, we excluded those
sequences as potential EVEs. None of the other viral sequences
identified had significative blast hit (E-value >1e-10; query coverage
>50%) to the tested leech and vertebrate host genomes. Because
of lack of sample material available and sample degradation in the
environment and during storage, we could not perform further PCR
tests to completely exclude that some of the sequences identified
represent EVEs.

3.6 | Waterhole viral identification

Five waterholes from Tanzania and six from Mongolia were tested.
From each waterhole, one water filtrate and one sediment sample
were collected (except for one Mongolian waterhole where only
sediment was collected), for a total of 21 samples. Five samples (two
water and three sediment samples) were positive for viral sequences
(23.8%). In filtered water and sediment, samples collected from the
same waterhole, only one virus per sample was identified and in one
location (WM20 and SM20) contigs from different viral families were
isolated based on sample type. Differences between sediment and
water are not unexpected as the sediment likely represents a longer-
term accumulation of biomaterial and the water represents more
acute contamination at the surface and variable mixing throughout.

Of the 11 water filtrate samples tested, two samples from
Mongolia (WM3 and WM20; 18.2%) had viral contigs with 100%
nt identity to Equid herpesvirus 1 and 3 (EHV-1 and EHV-3). The
contig of WM20 mapped to the membrane glycoprotein B, whereas
the two contigs of WMS3 to the DNA packaging protein and mem-
brane glycoprotein G, all regions covered by the Herpesviridae baits
(Figure SBA-D). A nested pan-herpes PCR targeting the DNA poly-
merase gene and the resulting Sanger sequences further confirmed
EHV presence (Figure S8E). Several equine species including domes-
tic horses inhabit the Gobi Desert (Kaczensky et al., 2015), which is
consistent with the presence of these viruses. A further study per-
formed hybridization capture on EHV-positive samples using baits
tiled across entire EHV genomes, enabling the recovery of the al-
most entire EHV-1 genome (Dayaram et al., 2021).

Of 12 sediment samples tested, two from Mongolia and one
from Tanzania yielded viral sequences (25%) representing the
Retroviridae, Adenoviridae and Papillomaviridae families. Four con-
tigs mapping to the protease (pro) gene of the Jaagsiekte sheep
retrovirus (JSRV; 100% nt id) were identified in Mongolian sed-
iment (SMé6; Figure S9A). JSRV from SMé was confirmed by PCR
(Figure S9A). Mongolia sediment sample SM20 was positive for

Equine adenovirus (100% nt id) with a contig mapping between the
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pVI and hexon capsid genes (Figure S9B). Multiple equine species
are found in the Gobi Desert in Mongolia; therefore, it is likely that
the water sources sampled may have been frequented by these
species (Nandintsetseg et al., 2016). Sediment sample ST38 from
Tanzania was positive for a Zetapapillomavirus related to the Equus
caballus papillomavirus and Equus asinus papillomavirus (74% nt
id; E1-E2 genes; Figure 3D; Figures S9C and S10), consistent with
the detection of Plains zebra's Equus quagga DNA from this water
source (Seeber et al., 2019).

4 | DISCUSSION

We demonstrate for the first time that both eDNA and iDNA
sources can be used to survey known and novel viruses. Many of
the viruses identified were highly divergent from available viral
reference genomes (homology 45%-100%, average 80%). DNA
and RNA viruses could be detected in 57% and 23.8% of the iDNA
(leech) and eDNA (waterhole) samples, respectively. Congruence of
host DNA assignment for leeches and viral families identified sug-
gests that bloodmeals are useful for determining vertebrate viral
diversity. Detection of equine viruses from African and Mongolian
waterholes, where intense wild equid visitation rates were directly
observed, suggests eDNA-derived viruses reflect host utilization of
the water rather than other environmental sources such as fomites.
While host assignments are difficult to establish for novel viruses
from eDNA (multiple hosts sources) and, to a lesser extent, iDNA,
the results narrow the possible number of taxa down to a small por-
tion of the overall faunal diversity within the regions examined. For
example, the novel coronavirus was associated, though not statis-
tically significantly, with sambar. This suggests targeted sampling
and virus-specific PCRs could be used to examine prevalence in
the species to establish whether they are a potential viral reservoir.
Narrowing down the potential taxa that need to be screened in bio-
diversity hotspots will be critical, particularly for viruses hosted at
low prevalence.

A recent human blood virome study (Moustafa et al., 2017) also
demonstrated that not generally blood-associated viruses can be de-
tected in blood. Therefore, leech bloodmeals should not restrict viral
detection exclusively to blood-borne viruses. The virome detectable
in water depends on host seasonality and faunal geographical distri-
butions determining which species are present in an environment.
For example, avian influenza virus detection in aquatic environ-
ments is affected by season and site-specific density of water fowl
(Densmore et al., 2017). In the current study, water sampling was
performed in the dry season, when animals congregate at limited
water sources increasing the likelihood of detecting animal patho-
gens in the water. Animal viruses detected in water are expected
to result from contamination from stool, urine (Rohani et al., 2009),
nasal exudates and shed saliva. The viruses we identified in water
are known respiratory transmitted viruses (EHV-1, equine adenovi-
rus, JSRV) or viruses transmitted through skin abrasions (Equus asi-

nus papillomavirus).

PCR-based approaches have been used to detect known patho-
gens from flies (Bitome-Essono et al., 2017; Gogarten et al., 2019)
or from medicinal leeches under laboratory conditions (Kampmann
et al., 2017). While major findings have resulted from such analyses,
PCR-based approaches are often poorly suited to the discovery of
novel viruses that may be highly divergent as PCRs often fail when
viral divergence exceeds 5%-10%, particularly relevant to RNA vi-
ruses (Schlaberg et al., 2017). The unknown viral diversity in the wild,
and the potential degradation of viral nucleic acids in bloodmeals or
the environment, may affect PCR detection resulting in high false-
negative rates. Hybridization capture overcomes such limitations
because the short baits can capture divergent and degraded DNA.
With our capture system, we were able to identify viral sequences
with up to 55% divergence from known viral genomes. The extensive
virus representation in the bait set allows for the determination of
both viral presence and viral diversity. The ability of oligonucleotides
with substantial divergence from the target sequence to capture
more distantly related sequences is particularly useful in virology
since most viruses are uncharacterized in wildlife and many evolve
rapidly (Briese et al., 2015; Howard & Fletcher, 2012). The overall
on-target viral read recovery was low. This was not unexpected since
it is unlikely that any bloodmeal was strongly viraemic or that large
amounts of virus were shed into water. Nevertheless, our viral cap-
ture system generated a 100-fold higher viral enrichment compared
to shotgun sequencing. Furthermore, viral enrichment concentrated
in regions of the viral genomes where baits were designed, leading
to high coverage (up to 479X) at these positions. This allowed the
assembly of viral genome fragments that could be analysed phyloge-
netically and further confirmed by PCR.

Using short RNA baits to capture highly conserved sequences
from known vertebrate viral genomes is useful and relatively in-
expensive for providing an initial viral identification (Figure 1).
However, to fully characterize each virus, the RNA oligonucleotide
bait set would need to be customized to retrieve full-length viral ge-
nomes which has also been done successfully for novel divergent
viruses (Alfano et al. 2016). This is a possible strategy to further
investigate viruses of interest, whereas initial screening with full-
length genomes for all viruses is currently too costly.

Several novel viruses were identified from leech bloodmeals,
which is not unexpected as little is known about the virology of
wildlife in Southeast Asia. Several viral contigs were phylogeneti-
cally distinct from known viruses and may represent new genera.
For example, the novel coronavirus identified in leech bloodmeals
did not cluster with any known Coronaviridae clades. We could also
tentatively associate the novel corona- and rhabdoviruses with cer-
vids, which are regularly sold as bushmeat in wildlife markets (Nasi
etal., 2011). Both recent coronavirus epidemics (SARS-CoV, Drosten
et al,, 2003 and SARS-CoV-2, Zhou et al., 2020) spilled over from
wildlife. This suggests that e/iDNA-based pathogen surveillance
approaches may complement efforts to proactively identify novel
viruses that could potentially spillover to humans or livestock.

Collecting wild haematophagous invertebrates such as leeches

or water and sediments has both advantages and disadvantages
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compared to invasively collected wildlife samples. Large amounts of
DNA can be extracted from bloodmeals, in particular when leeches
are processed in bulk. We pooled up to 77 leeches and many of our
leech bulk samples contained a diverse mix of mammalian DNA.
A disadvantage of leeches is that they cannot be found in all en-
vironments: for example, haematophagous terrestrial species are
restricted to tropical rainforests of Asia, Madagascar and Australia
(Schnell et al., 2018). Leech feeding biases could influence diversity
surveys (Abrams et al., 2019; Schnell et al., 2015). However, this dis-
advantage could be overcome in the future by employing additional
invertebrates such as mosquitoes (Ng et al., 2011) or carrion flies
(Hoffmann et al., 2016). Waterholes are commonly found in almost
all environments. In environments with seasonal water shortages,
DNA from animals can become highly concentrated due to many
animals utilizing rare water sources. The disadvantages are that the
dilution factor of water, depending on water body size, can obscure
rare DNA sequences and mixed host species sequences are generally
the rule rather than the exception. RNA degradation can be a limiting
factor for the detection of RNA viruses in environmental samples.
RNA virus stability depends on many factors such as temperature,
pH and UV exposure (Lowen & Steel, 2014). We cannot exclude that
such factors may have played a role in the lack of detection of RNA
viruses (except a retrovirus) in water. In contrast, both RNA and DNA
viruses have been shown to be detectable in medical leeches even
50 days after ingestion, despite a gradual decline in concentration
over time (Kampmann et al., 2017).

Viral enrichment by hybridization capture from eDNA and its
subdiscipline iDNA may be a useful and economical tool for viral
identification and characterization prior to potential viral emergence.
eDNA and iDNA may be the only option to detect viruses circulating
in wild environments where direct access to animals is difficult or
highly restricted. The current study suggests this approach will be
successful in complementing invasive approaches or replacing them

in environments where invasive approaches are impossible.
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